It is increasingly apparent that treatment with a variety of anticancer agents often is associated with adverse neurological consequences. Clinical studies indicate that exposure even to tamoxifen (TMX), a putatively benign antihormonal agent widely used in breast cancer treatment, causes cognitive dysfunction and changes in CNS metabolism, hippocampal volume, and brain structure. We found that TMX is toxic for a variety of CNS cell populations in vitro and also increased cell death in the corpus callosum and reduced cell division in the mouse subventricular zone, the hippocampal dentate gyrus, and the corpus callosum. We further discovered that MEK1/2 inhibition selectively rescued primary glial progenitors from TMX toxicity in vitro while enhancing TMX effects on MCF7 luminal human breast cancer cells. In vivo, MEK1/2 inhibition prevented TMX-induced cell death in systemically treated mice. Our results demonstrate unexpected cytotoxicity of this putatively benign antihormonal agent and offer a potential strategy for rescuing CNS cells from adverse effects of TMX.
Introduction
Injury to the CNS from systemic chemotherapy is increasingly recognized as a neurological problem affecting many individuals (Dietrich, 2010; Monje and Dietrich, 2012) . This problem is particularly well studied in breast cancer survivors, for whom current data suggest that 18% of individuals receiving standard-dose chemotherapy manifest cognitive defects on post-treatment evaluation (Meyers and Abbruzzese, 1992) . For those patients receiving high-dose chemotherapy, over 30% of individuals examined 2 years after treatment exhibit detectable cognitive impairment (van Dam et al., 1998; Schagen et al., 1999) , a more than eightfold increase over age-matched control patients. Moreover, imaging studies reveal CNS white matter changes in up to 70% of treated individuals (Stemmer et al., 1994; Brown et al., 1998) . Thus, it is particularly important to understand the basis for these toxicities and how to protect from them without compromising cancer treatments themselves.
A particularly important anticancer agent for which evidence of adverse neurological effects is emerging is tamoxifen (TMX). TMX is used both before and after breast cancer surgery and may be applied for multiple years in women at increased genetic risk for breast cancer. Although TMX is considered to be one of the most benign cancer treatments, women treated with TMX nonetheless exhibit subtle but significant changes in neuropsychological function and brain structure (Espeland et al., 2010; Schilder et al., 2010) . TMX-related toxicities include cerebral and cerebellar toxicities, irritability, confusion, and ocular toxicities (Bender et al., 2001) , hippocampal atrophy, and widespread areas of hypometabolism in the inferior and dorsal lateral frontal lobes (Eberling et al., 2004) . Moreover, several studies suggest an association between TMX exposure and cognitive dysfunction (Palmer et al., 2008; Schilder et al., 2010) .
Despite increasing evidence that systemic TMX administration is associated with adverse neurological consequences, there is little biological understanding on the effects of this substance on cells of the CNS, or on strategies for protecting against potential toxicities.
Materials and Methods
Cell culture. All CNS cell populations, including oligodendrocyte-type-2 astrocyte progenitor cells/oligodendrocyte precursor cells (O-2A/OPCs), glial-restricted precursor (GRP) cells, astrocytes, neuroepithelial stem cells (NSCs), and oligodendrocytes were purified and grown as described previously (Dietrich et al., 2006; Han et al., 2008) . Human glial progenitors (obtained from Clonetics) were propagated as described previously (Dietrich et al., 2002) . MCF7 cells were obtained from ATCC and maintained in DMEM plus 10% FBS.
Cell viability. Cell number and death of O-2A/OPCs were analyzed by Calcein-AM and propidium iodide (PI) staining, respectively, in live culture using a Celigo adherent cell cytometer as described previously . MCF7 cell viability was determined using AlamarBlue and measurement of absorbance at 570 nm, as their ability to grow in three-dimensional aggregates compromises Celigo-based analyses.
In vivo examination. All procedures were approved by the University of Rochester Committee on Animal Resources. Female 6-to 8-week-old CBA mice receiving TMX and/or AZD6244 were killed 1 d after completion of treatment and perfused with 4% paraformaldehyde. Analysis of O-2A/OPCs, GRP cells, and oligodendrocytes were most vulnerable to TMX (Fig. 1A) . In O-2A/OPCs, exposure to even 100 nM TMX causedϾ30% reductions in cell number. TMX at 1 M reduced the number of O-2A/OPCs, oligodendrocytes, and human glial progenitor cells by Ͼ75%. In O-2A/OPCs, apoptosis examined by TUNEL analyses was significantly induced after 12 h at TMX concentrations Ն1 M (Fig. 1B) . In contrast with other cell types, astrocytes were resistant to TMX, even at levels of 10 M TMX. Sublethal exposure to TMX also suppressed division of O-2A/OPCs. Exposure to 50 nM TMX for 48 h caused an ϳ14% reduction in the proportion of O-2A/OPCs incorporating BrdU, with greater reductions caused by TMX concentrations of 500 nM and 1 M (ϳ29 and ϳ43%, respectively; p Ͻ 0.01; Fig. 1C) .
Results

Multiple
The above dosages were within clinically relevant exposures for TMX, which readily crosses the blood-brain barrier. As used in long-term breast cancer treatment, TMX exposure results in average steady-state plasma concentrations of ϳ200 nM. In comparison, concentrations of TMX and its metabolites achieved with standard dosages can be up to 2 M in tumors and several-fold higher in brain tissue (Lien et al., 1991a,b; Iusuf et al., 2011) . These low micromolar concentrations appear to be critical in enabling TMX to induce death of cancer cells ).
An unbiased drug screening identifies pharmacological agents that reduce TMX toxicity on O-2A/OPCs
To identify agents potentially useful in protecting against TMX-induced toxicity, we screened the NINDS-II library of 1040 compounds containing drugs approved for human use or in clinical trials. O-2A/ OPCs exposed to 1 M TMX for 48 h, which killed Ͼ80% of cells, were also exposed to NINDS-II library members at concentrations of 1 M. We found 27 compounds that protected against O-2A/ OPC cell death, in some cases providing almost complete protection. Not surprisingly, treatment with multiple estrogen analogs prevented TMX toxicity, as shown for ␤-estradiol, which reduced the proportion of PIϩ cells by more than half ( Fig.  2A) . Protection also was provided by the antioxidants ␣-tocopherol and resveratrol, and a variety of other substances.
Of particular interest as protective agents were inhibitors of the Raf/MEK/ERK pathway aminophenylthio)butadiene), GW5074 (3-(3,5-Dibromo-4-hydroxybenzylidene)-5-iodo-1,3-dihydro-indol-2-one); Fig. 2A ), due to existing interest in this pathway as a potential anticancer target (Roberts and Der, 2007; Montagut and Settleman, 2009 ). This pathway was also of interest in light of findings that although genetic deficiency of ERK2 delays early stages of differentiation of O-2A/OPCs into oligodendrocytes, it has no apparent negative impacts on progenitor cells (Fyffe-Maricich et al., 2011; Guardiola-Diaz et al., 2012) .
Coexposure to TMX plus 1M L779450, U0126, or GW5074 reduced TMX-induced cell death to Ͻ40, Ͻ30, and Ͻ5% PIϩ cells, respectively ( Fig. 2A) , leading us to also examine AZD6244 (also referred to as ARRY-142886/Selumetinib; a selective MEK1/2 inhibitor currently in Phase-II clinical trials for cancer treatment; Bodoky et al., 2012; Kirkwood et al., 2012) . Exposure of O-2A/OPCs to 1 M TMX in combination with UO126 or AZD6244 also attenuated TMX-induced reductions in cell number. UO126 was particularly effective at concentrations of 0.5-2.5 M, and AZD6244 was particularly effective at a concentration of 2.5 M, at which they essentially eliminated effects of TMX. Although rescue was also seen at higher concentrations, cell numbers at these higher concentrations were lower, as one would predict from the importance of MEK1/2 in cell division (Fig.  2 B, C) . Thus, these results also suggest optimal protection requires a particular dosage range.
MEK1/2 inhibition increases sensitivity of breast cancer cells to TMX
Agents that protect normal cells are of little use if they also protect cancer cells, making the possible utility of AZD6244 as an antineoplastic agent of particular interest. As TMX is used primarily as a treatment for luminal breast cancer, we examined effects of MEK1/2 inhibition on the response of MCF7 cells (the most widely studied TMX-sensitive breast cancer cells) to TMX.
Although MEK1/2 inhibition protected O-2A/OPCs from TMX toxicity, these inhibitors simultaneously enhanced the efficacy of TMX in suppressing MCF7 cell growth. Exposure to 1 M TMX (i.e., an intratumor concentrations routinely achieved clinically; Kisanga et al., 2004; Gjerde et al., 2012) for 4 d reduced viability by ϳ37% compared to undosed controls, while concurrent treatment with 2.5 M U0126 or AZD6244 caused an additional 20% reduction in viability (Fig. 3A) . These outcomes are in agreement with previous findings (Reddy and Glaros, 2007) that the antitumor efficacy of TMX was not compromised by the MEK1/2 inhibitor CI-1040 (2-(2-Chloro-4-iodo-phenylamino)-N-cyclopropylmethoxy-3,4-difluoro-benzamide) in vivo, and with other studies in which combined use of AZD6244 with standard chemotherapeutic agents enhances tumor suppression in melanoma patients with BRAF mutations (Patel et al., 2013) and in xenograft models of colorectal tumors (Holt et al., 2012) . In contrast, ␤-estradiol suppressed the TMX toxicity for MCF7 cells (Fig. 3B,C ), but these differential effects were not seen for O-2A/OPCs. In these progenitor cells, both AZD6244 and ß-estradiol protected against adverse effects of TMX.
AZD6244 rescues O-2A/OPCs from systemic TMX administration in vivo
To further examine potential concerns that TMX can cause CNS toxicity, and the potential utility of MEK1/2 inhibition in protecting against TMX toxicity, we next examined effects of TMX and AZD6244 in vivo. Animals were treated daily for 14 d with 5 mg/kg TMX plus 20 mg/kg AZD6244 (the dosage used in multiple human cancer xenograft mouse models and which shows marked antineoplastic effects; Yeh et al., 2007) .
TMX treatment caused increased cell death and decreased cell division in the corpus callosum (CC). TMX-treated mice showed a more than threefold increase in TUNELϩ cells in the CC and a Ͼ60% reduction in BrdUϩ cells (Fig. 4) . TMX also caused an ϳ34% reduction in the number of O-2A/OPCs in the CC (from 4.1 to 2.7% of total DAPIϩ nuclei; p Ͻ 0.01), as determined by coexpression of the Olig2 transcriptional regulator and plateletderived growth factor receptor-␣ (PDGFR␣). In contrast, numbers of DAPIϩ nuclei, oligodendrocyte-lineage cells (defined as Olig2ϩ cells), and differentiated oligodendrocytes (identified as PDGFR␣Ϫ/Olig2ϩ cells) were not significantly altered. Although TMX did not cause increases in TUNELϩ cells in the subventricular zone (SVZ) or the hippocampal dentate gyrus (DG), two other zones of the adult CNS in which precursor cells are found, it did significantly suppress cell division in the CC, SVZ, and DG.
Concurrent AZD6244 treatment effectively suppressed TMXinduced cell death in the CC (Fig. 4C) . In mice cotreated with TMX plus AZD6244, cell death in the CC was restored to that seen in untreated animals (Fig. 4C) . Cotreatment with TMX plus AZD6244 also prevented TMX-induced reductions in numbers of Olig2ϩ/PDGFR␣ϩ cells in the CC (Fig. 4 D, E) . Although treatment with AZD6244 alone suppressed cell division in the CNS, as expected for a MEK1/2 inhibitor, it neither increased nor decreased the suppression of division in the CC, SVZ or DG caused by systemic TMX treatment.
Discussion
We have discovered that TMX is toxic for precursor cells of the CNS at clinically relevant exposure levels, causes increased death of cells in the CC, and suppresses cell division in the CC, SVZ, and DG. Attempts to identify means of preventing TMX toxicity led to the discovery of multiple protective agents, some of them already approved for human use. Of particular interest among these agents were MEK1/2 inhibitors due to interest in such compounds as anticancer treatments. This led us to examine the compound AZD6244, which is currently in Phase-II clinical trials (Bodoky et al., 2012; Kirkwood et al., 2012) . We found that AZD6244 protected O-2A/OPCs, but not MCF7 breast cancer cells from TMX toxicity in vitro, and further found that administration of AZD6244 in vivo prevented TMX-induced increases in cell death and reductions in the number of O-2A/ OPCs in the CC.
Our findings present a possible cellular biological basis for the adverse neurological consequences that sometimes occur in patients receiving long-term TMX treatment. The increases in apoptosis in the CC and reductions in cell division in the SVZ, DG, and CC are of a nature that could lead to changes in neurological function and structure. Just as suppression of hippocampal neurogenesis by irradiation may be relevant to understanding cognitive alterations associated with this cancer treatment (Monje et al., 2002) , similar suggestions apply to suppression of neuronal progenitor division in the hippocampus of animals treated with chemotherapeutic agents (Dietrich et al., 2006; Han et al., 2008; Janelsins et al., 2010; Mondie et al., 2010) . The toxic effects of multiple chemotherapeutic agents on myelin-forming oligodendrocytes and their progenitors (Dietrich et al., 2006; Han et al., 2008) , which are essential for normal axonal impulse conduction, suggests that neuron-related toxicities may represent a partial view of the complexity of this damage. In this context, it is intriguing that changes in white matter integrity offer one of the strongest correlates of cognitive decline in aging and of reduced intelligence in association with stroke (Silbert et al., 2008; Gläscher et al., 2010) , raising the possibility that myelin damage is of importance in understanding adverse neurological effects of systemic chemotherapy. It is important to note, however, that although TMX was toxic, it was less so than such other cancer treatments as carmustine [1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU)], cisplatin, cytarabine, and 5-fluorouracil. Our previous studies showed these agents all caused marked cell death in the CC, DG, and SVZ (Dietrich et al., 2006; Han et al., 2008) , as well as exhibiting the division-suppressing effects of TMX.
The observations that astrocytes were more resistant than precursor cells to TMX in vitro (as also observed for other chemotherapeutic agents; Dietrich et al., 2006; Han et al., 2008) was intriguing in light of the sensitivity of GFAP-expressing neuroprogenitor cells of the hippocampus to irradiation (Encinas et al., 2008) . Whether this is due to higher glutathione content in astrocytes as compared with CNS precursor cells (Thorburne and Juurlink, 1996; Dringen, 2000) is not known, but observations that irradiation did not increase cell death outside of the neurogenic zone of the hippocampus (Encinas et al., 2008) suggest that GFAPϩ stem cells may differ from astrocytes themselves in this aspect of their biology. It also will be of importance in future studies to define in detail which specific precursor cell populations outside of O-2A/OPCs are affected in their division by TMX treatment, and to discover means of protecting from this effect.
The strategy of screening agents already approved for human usage or in clinical trials was surprisingly successful in identifying potential protective agents. While the protective properties of estrogenic compounds was not surprising, and the findings that TMX expresses pro-oxidant activities (Gundimeda et al., 1996; Ferlini et al., 1999; Chen et al., 2013) makes it not surprising that we found antioxidants with protective activity, neither of these classes of agents would be suitable for combatting CNS toxicity in vivo due to potential rescue also of tumor cells. MEK1/2 inhibitors, in contrast, have the particularly interesting property of protecting normal cells while enhancing toxicity of TMX for MCF7 cells.
Our studies on AZD6244 offer the apparently novel demonstration that this agent seems able to cross the blood-brain barrier and is of potential use in reducing toxicity of TMX. AZD6244 has been shown previously to suppress tumor progression and to sensitize cancer cells to other therapeutic agents by inhibiting MEK1/2 activation (Holt et al., 2012; Patel et al., 2013) . It was of interest in this regard that AZD6244 rendered MCF7 luminal breast cancer cells more sensitive to TMX (Fig. 3A) , raising the possibility that AZD6244 could be used as an adjunct breast cancer therapy with TMX. Moreover, the protective properties of AZD6244 in the CNS, where TMX monotherapy causes apparent damage, makes this agent a particularly attractive candidate for possible use with TMX clinically. While previous studies have not examined AZD6244 in the context of either breast cancer or effects on the CNS, previous studies (Reddy and Glaros, 2007) showed that the antitumor efficacy of TMX was not compromised by coexposure to MEK1/2 inhibition (by CI-1040) in vivo. It will be of interest to optimize dosage in future experiments, to obtain maximum protection with minimum suppression of division of primary progenitor cells in vivo. Nonetheless, the identification of TMX-induced CNS toxicity and of a means of providing protection with an agent that at the same time does not protect, and may enhance, suppression of cancer cell growth is a promising first step in understanding and preventing the adverse neurological consequences of TMX exposure.
